Bird impact is one of the most dangerous threats to flight safety. The consequences of bird impact can be severe and, therefore, the aircraft components have to be certified for a proven level of bird impact resistance before being put into service. The fan rotor blades of aeroengine are the components being easily impacted by birds. It is necessary to ensure that the fan rotor blades should have adequate resistance against the bird impact, to reduce the flying accidents caused by bird impacts. Using the contacting-impacting algorithm, the numerical simulation is carried out to simulate bird impact. A three-blade computational model is set up for the fan rotor blade having shrouds. The transient response curves of the points corresponding to measured points in experiments, displacements and equivalent stresses on the blades are obtained during the simulation. From the comparison of the transient response curves obtained from numerical simulation with that obtained from experiments, it can be found that the variations in measured points and the corresponding points of simulation are basically the same. The deforming process, the maximum displacements and the maximum equivalent stresses on blades are analyzed. The numerical simulation verifies and complements the experiment results.
1 Introduction * In recent years, a novel method, the finite element numerical analysis, has been developed for the analysis of transient response of aeroengine blades impacted by birds [1] [2] . The solid-solid coupling algorithm [3] [4] [5] , fluid-solid non-coupling algorithm [6] , fluid-solid coupling algorithm [7] and contactingimpacting algorithm [8] are the four algorithms used for this purpose, among which the contactingimpacting algorithm is the most effective algorithm. Since 1990, various kinds of algorithms based on the finite element method have been extensively used to analyze the transient response of fan blades [9] [10] [11] [12] [13] [14] [15] and compressor blades [16] [17] [18] impacted by birds. On the basis of the bird impact experiments of *Corresponding author. Tel.: +86-25-84890515.
E-mail address: ypguan@nuaa.edu.cn the fan rotor blades of the aeroengine [19] , the numerical analysis for the transient response of blades impacted by bird is performed using the contacting-impacting algorithm under the experimental conditions of bird impact (such as the dimension, mass and the impacting velocity, angle and position of the analogue bird). The results of numerical simulation of all the two experiments are analyzed in this study.
Computational Model
The contacting-impacting algorithm and the explicit nonlinear dynamic software ANSYS/LS-DYNA are used in the numerical simulation. The fan rotor blades are mainly comprised of alloy titanium. The bilinear material model is used. The elastic modulus is 112 GPa, the density is 4 440 kg/m 3 , the Piosson's ratio is 0.27, the yield stress is 825 MPa and the hardening modulus is 1 120 MPa. The fluid dynamic material model is used for the analogue bird. The influence of high material strain rate on the deformation of blade is ignored in this study and the computational results may lean toward safety [20] . The rheological phenomenon takes place during high velocity bird impact [21] . Generally, the strength of the material for bird can be ignored. The stress in the model of dynamic viscosity can be defined as ij ij ' ( 1) where is the dynamic viscous coefficient of fluid material and ij ' is the deviation of strain rate. [19] . The impacting velocities and directions are taken into consideration (see Table 1 ). By analysis, a three-blade model is established. The blades from left to right are numbered as I, II, and III. The three-blade model can be used to simulate the experiments process well, and the complexity of the fan rotor blades can be reduced too. Through the shrouds, the blades contact each other and the impact load is transferred. The rigid bodies on the outside of blades are used to restrict the shrouds. The rabbets of blades are also restricted (see Fig.1 ). The mesh division is performed using Element No. 164 (8-node hexahedron). The analogue bird (cylinder) is divided into 1 014 elements. Individual blade is divided into 2 011 elements. The sum of elements for the three-blade model is 6 033. The contacts of bird with the threeblade model and blade with blade are defined. The normal contact forces are automatically exerted between all invading nodes and contact faces based on the penalty modes of contacting-impacting algorithm. 3 Results of Simulation and Analysis
Blade 1
The positive voltage of the measured curves of experiments corresponds to the compressive strain. The measured curves of experiments and the calculated curves are given in Fig.2 . By comparison, it is known that the variations in stretching and compressing are basically the same as shown in Fig.2 (a) [19] and Fig.2 (b) as well as Fig.2 (c) [19] and Fig.2(d) . In Fig.2 , t is the time difference between the maximum strain and the adjacent peak strain. Equivalent stress diagrams of the three-blade model of bird impact at certain moments are given in Fig.3 . When t = 0.15 ms, the middle portion of Blade II begins to be impacted by the bird (see Fig.3(a) ). The maximum equivalent stress in the contacting area is 265 MPa. Beginning from the moment, the failed elements of bird are deleted from the contacting process. As the impact load of bird increases, a high stress area of comparatively large range becomes closer to the impact center of Blade II and the area above the shroud is affected. The impact load is continuously loaded on Blade III through the shrouds. The area of stress concentration above the shroud and a large range of high stress areas below the shroud comes closer to Blade III because of bending. When t = 0.45 ms, the tail of bird begins to enter the impact area (see Fig.3(b) ). At the moment of t = 0.90 ms, the maximum equivalent stress of blades is 1 190 MPa. The stresses of the body and root of Blade II are also comparatively large (see Fig.3(c) ). When the body of bird is consumed and the load is decreased, the equivalent stresses of the blades are also diminished. But Blade II is still bending toward Blade III. The body of bird is exhausted at t = 1.35 ms (Fig.3(d) ). Because of the propagation and reflection of stress waves, the stresses and deformations, blades will vibrate. Along with the weakening of stress waves, the stress levels of blades go down. The stress concentrated areas are primarily located at the center of bird impact location and the contact part of shroud. The obvious plastic deforming area does not appear on the blade body.
To sum up, when the middle part of blades is impacted by bird, rheological phenomenon occurs. The stress concentration takes place at the impacted areas, the shroud and the root of blade. And the energy is transmitted between blades through the shrouds.
Displacement and stress histories of various nodes at some characteristic positions of Blade II are given in Figs.4-5. From Fig.4 , it can be seen that the node displacement of x direction at the leading edge of blade tip is relatively large, and the maximum absolute value is 20.93 mm. Within the calculation time of 10 ms, there is obviously a complete vibration at the blade tip and the time interval is 5.5 ms. The node displacement in y direction is also relatively large, the maximum is 14.83 mm. During the deformation of blade, the blade tip goes toward the initial equilibrium position. It is indicated that the plastic deformation of blade is not obvious. From the equivalent stress histories of some nodes given in Fig.5 , it can be seen that the stresses of the shroud slightly exceed the yield limit of material. It is clearly stated that the small areas of shroud and the shroud connecting with the blade body are slightly impacted by bird impact. 
Blade 4
The measured curves of experiments and the calculated curves are given in Fig.6 . By comparison, it can be seen that the variations in stretching and compressing are the same. Equivalent stress diagrams for the three-blade model of bird impact at certain moments are given in Fig.7 . The tip of Blade II is impacted by the bird. When the bird comes closer to Blade II, the stresses within the contact area rapidly increases. Because of the deformation of Blade II, the contacting area between Blade II and Blade III becomes small and the contacting stress reaches 538 MPa at t = 0.45 ms (see Fig.7(a) ). As the impact load of bird increases, there is comparatively a large scope for the generation of high stress area at the impact center and adjacent area of the shroud of Blade II, and the blade edge under the shroud is influenced. The impact load is continuously loaded on Blade III through the shroud. The areas of stress concentration are generated on the shroud and its nearby area of Blade III. When t = 0.75 ms, the tail of bird begins to enter the impact area. The maximum stress of the blades is 1 020 MPa. The stresses of the impact area and the edge under the shroud of Blade II are also comparatively large (see Fig.7(b) ). As the body of bird is consumed and the load is decreased, Blade II is still bended toward the direction of Blade III. When t = 1.65 ms, the body of bird is exhausted and the maximum stress is 783 MPa (see Fig.7(c) ). Because of the propagation and reflection of stress waves, the stresses of Blades II and III as well as the two blades appear as oscillations. At t = 3.90 ms, the shrouds of Blades I and II contact each other. The comparatively large stresses appear near both shrouds. The maximum stress is 848 MPa (see Fig.7(d) ). As the blades are vibrating and the stress waves are weakened, the stress levels of the blades are decreased. The areas of stress concentration are primarily located at the center of the bird impact areas and the contacting part of the shroud. The area with obvious plastic deformation does not appear on the blade body. The displacement and stress histories of several nodes at certain specific positions of Blade II are given in Figs.8-9 . From Fig.8 , it can be seen that the node displacement along x direction is relatively large on the leading edge of blade tip, the maximum absolute value is 19.28 mm. Within 10 ms of calculation time, a complete vibration occurs on the blade tip. The time interval is 9 ms. The node displacement along y direction is also relatively large, the maximum is 15.49 mm. In the course of the deformation of blade, the blade tip tends the initial equilibrium position. It is indicated that the plastic deformation of the blade is not obvious. From the equivalent stress histories of certain nodes in Fig.9 , it is clear that the stresses of the impact center and the parts joined with shrouds of the blade body do not exceed the yield limit of material.
In Table 2 , comparison of the maximum strains of measured and calculated points of Blade 1 and Blade 4 is provided. Blade 1 has the maximum stretching strains and Blade 4 has the maximum compressing strains. Because of the use of 8-node hexahedrons and the location of calculated strain at the integral point, the absolute values of the maximum and the minimum relative errors between the measured maximum strain and the calculated maximum strain are 31.05% and 1.06%, respectively. 
Conclusions
Using the numerical computation method, the transient responses of fan rotor blades impacted by bird under experimental conditions are simulated. The conclusions drawn through analysis are summarized as follows:
(1) The contacting-impacting algorithm can be used to better simulate the process of blades impacted by the analogue bird.
(2) The model of dynamic viscosity is appropriate to represent the dynamic characteristics of the analogue bird under impacting loads during experiments.
(3) The impacting damage of blades caused by the bird impact on the tip of blades is more severe than that on the middle of blades.
(4) The numerical simulation provides more results than experiments. The numerical simulation can be exploited to verify and complement experiment results.
